Introduction
Electrochemically amphoteric compounds are of current interest owing to their potential applications in molecular electronics and optoelectronics, whereby organic compounds possessing a high degree of conjugation are particularly interesting for advanced electronic applications.
[1] Accordingly, efforts have been directed to the design and synthesis of molecular systems composed of building blocks that give rise to electron donor (D) and acceptor (A) interactions. Amongst all kinds of molecular electron donor moieties, tetrathiafulvalene (TTF) and its derivatives are known to be strong p-donors capable of forming persistent cation radical and dication species upon oxidation, thus leading to a number of conducting and superconducting materials. [2] In this context, the effective intermolecular orbital overlap in p-stacked assemblies is highly sensitive to chemical modifications of the TTF framework and this plays a crucial role in the electronic conductivity. Thus, in order to achieve a highly ordered molecular organization in charge-transfer (CT) salts, the self-assembling ability and the dimensionality of the electronic structure has been enhanced primarily by chalcogen-chalcogen interactions [2] and halogen or hydrogen bonds. [3] [4] [5] Notably, amongst them, TTF-imidazole systems exhibit unprecedented electronic and structural modulation effects of hydrogen bonds giving rise to a number of highly conductive CT complexes with various acceptors. [5] With respect to covalently linked D-A ensembles, important variables, besides the nature of the donor and acceptor components, are their relative distance, orientation, and the degree of electronic coupling between them. Normally, the D and A components are held together by p-spacers such as oligo(phenylene ethynylene), oligo(phenylene vinylene), oligothiophene, or s-spacers of variable length and flexibility. [6] Alternatively, only a few examples of annulated TTF-p-acceptor systems have been reported in the literature so far, for example, TTF-diquinones. [7] For a current overview of D-A ensembles the reader may consult the recent review by Wudl et al. [8] Along this line, we recently introduced a synthetic concept for the annulation of TTF derivatives to a variety of acceptor moieties and reported synthetic routes to intimately fused and rigid D À p À A ensembles, as exemplified by compounds with i) four TTF moieties fused to phthalocyanine cores; [9] ii) three TTF moieties fused to a hexaazatriphenylene core; [10] iii) one TTF annulated with dipyrido-[3,2-a:2',3'-c]phenazine; [11] and iv) one TTF coupled to N,N'-phenylenebis(salicylideneimine). [12] In all these examples a main principle emerges, namely the molecular D-A systems are tailored into planar configurations exhibiting defined symmetries which provides a defined geometrical control. They are also specifically designed for chelation of various metal ions. [12] [13] As a continuation of our ongoing studies, we present here an efficient synthetic route to further organic pconjugated D-A molecules which contain the TTF unit as a donor and an N,N-diimine chelating ligand-in form of 2-(2-pyridyl)benzimidazole (PB), 2-(2-quinolinyl)benzimidazole (QB), or its derivative 2-(6-methoxy-2-quinolinyl)benzimidazole (MQB)-as an acceptor (1-3, Figure 1 ).
The general interest in imidazole compounds stems from their specific structural features and biological activity, [14] including anti-ulcer, anti-tumour, and anti-viral effects. The heterocyclic aromatic compounds reveal strong and directional hydrogen bond interactions, and act as Brçnsted acids and bases. They thus play an important role as a relay for Keywords: charge transfer · donoracceptor systems · sensors · tetrathiafulvalene · UV/Vis spectroscopy Abstract: In order to study the electronic interactions in donor-acceptor ensembles as a function of pH, an efficient synthetic route to three imidazole-annulated tetrathiafulvalene (TTF) derivatives 1-3 is reported. Their electronic absorption spectra, in view of photoinduced intramolecular charge transfer, and their electrochemical behavior were investigated, and pK a values for the two protonation processes on the acceptor unit were determined in organic solvents by photometric titration. The influence of the TTF moiety on these values is discussed.
[a] Prof. J. Wu proton transfer (PT) processes, which are among the most extensively studied chemical processes, owing to their importance in nature. [15] As a consequence, imidazole derivatives have attracted much attention in fields such as crystal engineering, [16] molecule-based magnets, [17] molecular conductors, [18] and fluorescence sensors. [19] A primary feature of compounds 1-3 is that a range of functionalities on the acceptor part is combined in close and controlled proximity with the fused TTF donor part. For the former, the aromatic imidazole, with its pyridine-and pyrrole-like N atoms, introduces an amphoteric character as a moderately strong base and a weak acid, and the linked pyridine or quinoline adds another basic N atom. Moreover, the resulting NˆN chelating site makes these molecules attractive ligands for complexation to various metal ions. As a most striking feature, discussed in detail below, the annulated TTF donor shows a photoinduced intramolecular chargetransfer (ICT) transition in its absorption spectrum, which is sensitive to the different protonation states on the acceptor site.
In this article, we describe the synthesis of three TTF-PB/ QB/MQB molecules (1-3) and the single-crystal X-ray structure for 1. In addition, the results of an electrochemical and a photophysical investigation at various pH values are discussed.
Results and Discussion
As outlined in Scheme 1, the target compounds 1-3 were obtained by the direct condensation reaction of the corresponding aldehydes with 5,6-diamino-2-(4,5-bis(propylthio)-
in acceptable yields. All compounds were easily purified by flash chromatography on SiO 2 and have been fully characterized by NMR, EI mass spectrometry, and elemental analysis.
Orange needle-shaped single crystals of 1 suitable for X-ray analysis were obtained by slow evaporation of its solution in CH 3 CN. The molecule 1 crystallizes in a monoclinic space group (C2/c) and an ORTEP drawing of the molecule with the atomic numbering scheme is shown in Figure 2 . Apparently, this compound adopts a non-planar conformation along its long molecular axis, and specifically the TTF moiety shows a boat conformation, folding along the S1···S4 and S2···S3 vectors by 28.9(1)8 and 18.24(1)8, respectively. In contrast to the TTF part, all atoms of the PB unit lie almost perfectly within a plane; the rms deviation from a leastsquares plane through all involved atoms of PB is 0.01 . Notice, that the nitrogen atoms N1 and N3 are situated in a trans orientation within the solid state structure. The bond distances within the TTF and PB moieties are in the expected ranges in comparison with those of similar compounds in the literature.
[5c, [20] [21] Figure 3 highlights the alternating arrangement of the molecules in the crystal structure. A noticeable feature is the head-to-tail alignment caused by p···p stacking between the PB moieties to afford dimers, which are, in addition, linked parallel to each other by N À H···N hydrogen bonds and short S···S contacts. The electrochemical properties of the p-conjugates 1-3 were investigated by cyclic voltammetry (CV) in dichloromethane. All of them show two reversible single-electron oxidation waves typical of the TTF system, corresponding to E 1/2 1 and E 1/2 2 in Table 1 . Obviously, the presence of the different substituents at the 2-position of the imidazole ring has a negligible influence on the electron-donating ability of TTF. Remarkably, with successive addition of HCl to 1-3, both redox processes of the TTF unit are clearly shifted suggesting the occurrence of two new redox species. Taking 1 as an example (Figure 4 ), [22] both oxidation potentials are, at first, substantially positively shifted upon the addition of a small amount of HCl, until, upon the addition of 3 equivalents of HCl, the original E 1/2 1 wave completely disappears and only two reversible redox waves remain at 0.63 and 0.98 V. The large potential shifts correspond to a decrease in the p-donating ability of the TTF unit arising from the protonation of the imidazole ring in close proximity to the TTF core. Interestingly, a large excess of HCl leads to a further positive shift of E 1/2 1 but to a negative shift of E 1/2 2 , which is now almost at the same potential as that of the unprotonated 1. [23] This observation might be attributed to both the occurrence of proton dissociation when the TTF unit undergoes the second oxidation, as shown in the box in Scheme 2, and the significant change in the electrolytic medium caused by the presence of a large excess of HCl. It can therefore be deduced that there is a strongly dynamical difference in the proton dissociation and redox processes, as reported in the literature. [24] All these results indicate the coexistence of three redox species, 1 (E 1/2 1 = 0.54 V, E 1/2 2 = 0.94 V) and two protonated ones, that is, [
, which can be described with the equilibrium processes shown in Scheme 2. It is noteworthy that at particular potentials, constant currents upon addition of HCl are observed, similar to isosbestic points in optical spectroscopy. This is indicative of a concomitant appearance of the corresponding protonated species at the expense of 1. These observations are in good agreement with the results from UV/Vis spectroscopy measurements. Moreover, as shown with the curve (crossed triangle) in Figure 4 , the current increases appreciably around 1.1 V, while it decreases around 0 V. When measurements under identical conditions from À1.7 to 1.7 V were performed, one irreversible anodic peak at 1.2 V and one irreversible broad cathodic peak at À0.3 V appeared. We expect that these irreversible redox processes occur at the pyridine functional group. Such phenomena are also observed in analogous TTF compounds, but have not been discussed in detail. [25] It must also be mentioned that in the negative direction, there are no redox waves observed with successive addition of HCl within the accessible potential window. These findings match well with the large gap between the oxidation and reduction waves estimated from the energy of the ICT band ( Table 2) . Table 1 . Redox Potentials (V vs Ag/AgCl) of 1-3 in CH 2 Cl 2 . The absorption spectra of 1-3 dissolved in CH 2 Cl 2 are presented in Figure 5 . They show two domains of broad and intense absorption bands centered around 24 000 and 30 000 cm (412 nm), respectively for 1-3, result from an ICT transition from the TTF unit to the substituted benzimidazole moieties. In the UV region, strong absorption bands are characteristic for p-p* transitions located on both, the TTF and the substituted benzimidazole subunits. [26] In order to arrive at a deeper understanding of the fused D-A molecules 1-3, the protonation characteristics of each compound were experimentally investigated in CH 2 Cl 2 solution. The molecules have two protonation sites each, namely, the benzimidazole nitrogen (N1) and the nitrogen on the pyridine (N3) or on the quinoline, respectively. It has already been demonstrated experimentally and theoretically that a benzimidazole nitrogen has a higher proton affinity than that of pyridine. [27] It was on this basis that UV/Vis titration experiments were carried out in order to determine the specific pK a values of molecules 1-3.
The UV/Vis spectra of 1 dissolved in CH 2 Cl 2 , taken as a function of pH, that is, with successive addition of HCl equivalents, are depicted in Figure 6 . From 0 to 3 equivalents of HCl, for an initial concentration of 10 À5 m of 1, the broad absorption band at 25 Figures S3 and S4 of the Supporting Information, the absorption maxima of the species in the neutral and protonated forms are reported in Table 2 .
In accordance with the absorption spectra, the color of the solution changes reversibly between yellow, orange, and blue during the acid/base titration. Apparently, protonation of the two nitrogen atoms of the PB unit reduces the electron density on the aromatic ring system successively, thereby lowering the energy of the LUMO and increasing its acceptor properties. As a result, the corresponding spectroscopic TTF!PB ICT transition moves to lower energies in two distinct steps of approximately 4000 and 4500 cm
À1
, respectively. The first step corresponds to the protonation of the imidazole nitrogen, the second step to the protonation of the pyridine nitrogen.
The spectra in Figure 6 can be analyzed quantitatively according to the acid-base equilibria shown in Scheme 2. A factor analysis and single value decomposition [28] on the experimental data supports the assumption of three species in chemical equilibrium, and a least squares fit using the program SPECFIT 3 [29] results in the pK a values for the two protonation steps given in Table 3 . The resulting individual spectra of the three species are included in Figure 6 . Figur-A C H T U N G T R E N N U N G es 7 a and b show the experimental evolution of the concentration of the three species as a function of HCl added to the solution for the two protonation steps, as well as the resulting best fit from the single value decomposition. The spectra of compounds 2 and 3 were treated in the same way, the corresponding pK a values are likewise given in Table 3 and the results of the single value decomposition are shown in Figures S5 and S6 of the Supporting Information.
In the literature, experimental pK a values in non-aqueous solvents are quite rare. In aqueous solutions, the values of pK a1 and pK a2 for the reference compound PB are given as 4.41 and À1.59, respectively.
[27b] In order to compare the values of the TTF annulated compounds in CH 2 Cl 2 with the ones for the compounds without TTF, titration curves were also determined for PB in CH 2 Cl 2 . Figure 8 shows the experimental curves for an initial PB concentration of 10 À4 m together with the best fit from the single value decomposition of the optical spectra (see Figure S7 in the Supporting Information) recorded as a function of equivalents of HCl added. The corresponding pK a values are included in Table 3 . Whereas pK a1 has a value close to the one found in aqueous solution, the pK a2 value of 3.2 shows that the proton on pyridine is much less acidic in CH 2 Cl 2 than in aqueous solution.
In comparison to PB, compounds 1-3 show no significant increase in pK a2 , that is, for the protonation of N3 (pyridine). In contrast, they show an increase of one unit for pK a1 , that is, for the protonation of N1 (benzimidazole). Qualitatively this can be understood as arising from the electron donating properties of the TTF unit, which results in a higher electron density on the PB unit as compared to the compound without TTF, and therefore the pK a1 values increase substantially. As expected this effect is restricted to N1, that is, the nitrogen atom on the ring system directly fused to the TTF unit.
Conclusions
In conclusion, three imidazole-annulated TTF derivatives 1-3 have been prepared and fully characterized, and the influence of the TTF unit on the pK a values of the acceptor units as determined by photometric titration has been discussed. The novel feature of these D-A molecules is that they contain a PB ancillary functionality, which has been incorporated with the following specific roles in mind: i) The presence of three nitrogen atoms as proton donor/acceptors renders them promising in the field of chemosensors. ii) Direct annulation of PB to the TTF core is expected to enhance cooperativity between CT on TTF and PT at hydrogen bonding sites on PB moieties in the resulting simultaneous CT and PT complexes. iii) The excellent chelating ability of the PB unit should provide opportunities for the complexation of a wide range of transition metals to the donor system giving rise to diverse structural chemistry and appealing photophysics. The results reported here are part of an initial exploratory study of their potential to generate a range of well-defined coordination networks as well as to produce the simultaneous CT and PT complexes. Currently, we are engaged in an investigation on the ability to bind transition metal ions and to form CT complexes and ion radical salts of these promising new donors.
Experimental Section
General Melting points were determined using a Büchi 510 instrument and are uncorrected. Elemental analyses were performed on a Carlo Erba Instruments EA 1110 Elemental Analyzer CHN.
1 H and 13 C NMR spectra were .
Photophysical Measurements
Photophysical measurements were performed on solutions of the compounds 1-3 and the reference compound PB in CH 2 Cl 2 at room temperature. Unless otherwise stated, the concentration was 10 À5 m. Absorption spectra were recorded on a Varian Cary 5000 UV/Vis/NIR spectrophotometer. Photometric titrations were performed by recording full absorption spectra as a function of equivalents of HCl added to dissolve in diethyl ether (10 À2 m). Dilution effects were taken into account in evaluating the spectra. Data analysis was performed using the commercial software SPECFIT/32 [29] in order to identify the number of species by factor analysis and to follow the evolution of the species as a function of HCl added by single value decomposition [28] on the basis of the acid-base equilibria of Scheme 2. The least-squares fitting procedure yields the two pK a values and the spectra of the individual species.
Materials
Unless otherwise stated, all reagents were purchased from commercial sources and used without additional purification. 5,6-Diamino-2-(4,5-bis- 3 -dithiole was prepared according to literature procedures. [10] [11] General procedure for 2-3: A solution of the corresponding aldehyde (0.1 mmol) and 5,6-diamino-2-(4,5-bis(propylthio)-1,3-dithio-2-ylidene)-benzo [d] -1,3-dithiole (0.04 g, 0.1 mmol) in nitrobenzene (10 mL) was heated up to 160 8C for 20 h. The solvent was evaporated in vacuum and the resulting crude product was purified by chromatography on silica gel with CH 2 Cl 2 /ethylacetate (2:1) to obtain an analytically pure product. 
Crystallography
An orange crystal of compound 1 was mounted on a Stoe Mark II-Imaging Plate Diffractometer System (Stoe & Cie, 2002) equipped with a graphite-monochromator. Data collection was performed at À100 8C using Mo Ka radiation (l = 0.71073 ). 245 exposures (4 min per exposure) were obtained at an image plate distance of 100 mm, 180 frames with f= 08 and 08 < w < 1808, and 65 frames with f= 908 and 08 < w < 978, with the crystal oscillating through 18 in w. The resolution was: D min ÀD max = 0.72-17.78 . The structure was solved by direct methods using the program SHELXS-97 [30] and refined by full matrix least squares on F 2 with SHELXL-97. [31] The NH hydrogen atom was derived from Fourier difference maps and refined while the remaining hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default parameters. All non-hydrogen atoms were refined anisotropically. No absorption correction was applied.
Crystal data for 1: 
